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Abstract

For incomplete preference relations that are represented by multiple priors and/or multiple—
possibly multivariate—utility functions, we define a certainty equivalent as well as the utility
indifference price bounds as set-valued functions of the claim. Furthermore, we motivate
and introduce the notion of a weak and a strong certainty equivalent. We will show that our
definitions contain as special cases some definitions found in the literature so far on complete
or special incomplete preferences. We prove monotonicity and convexity properties of utility
buy and sell prices that hold in total analogy to the properties of the scalar indifference prices
for complete preferences. We show how the (weak and strong) set-valued certainty equivalent
as well as the indifference price bounds can be computed or approximated by solving convex
vector optimization problems. Numerical examples and their economic interpretations are
given for the univariate as well as for the multivariate case.

Keywords Utility maximization - Indifference price bounds - Certainty equivalent -
Incomplete preferences - Convex vector optimization

JEL Classification D81 - C61 - G13

1 Introduction

The certainty equivalent of a random payoff is a guaranteed return that a decision maker
would accept now as it is equally desirable as the uncertain return that will be received in the
future. Indifference pricing can be seen as a similar concept adapted to a dynamic setting. It
plays an important role in pricing in incomplete markets as it typically yields a more narrow
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pricing interval compared to the often very wide no-arbitrage pricing interval, see for instance
[17].

The certainty equivalent and utility indifference pricing are well studied for complete
preference relations that can be represented by a single univariate utility function and there
are also some extensions for complete preferences represented by a single multivariate utility
function. However, the completeness assumption of the preference relation is restrictive as
it ignores the typical ‘indecisiveness’ that individuals face. This concern was stated already
by von Neumann and Morgenstern in their 1947 paper [33] as “It is conceivable -and may
even in a way be more realistic- to allow for cases where the individual is neither able to
state which of two alternatives he prefers nor that they are equally desirable.” As Aumann
[2] and many researchers agreed afterwards, it is natural and indeed more realistic to exclude
the completeness axiom when considering preference relations.

We introduce a certainty equivalent and indifference buy (and sell) price concepts for
underlying preferences that are not necessarily complete. In particular, let us consider a prob-
ability space (2, F, P), the set of all F-measurable R4-valued random vectors LO(}' , ]Rd)
and a preorder =~ on LO(F, RY).

Note that if d = 1 and the preference relation is complete, then the certainty equivalent
of a random amount Z € LO(}' , R) can be described as the deterministic amount, denoted
by C(Z2), satisfying Z ~ C(Z). Under standard monotonicity and continuity assumptions,
C(Z) exists and it is unique, hence well-defined. When d > 1, the deterministic amount
indifferent to Z € L°(F, R?) may not be unique. A natural way to deal with this problem is
to consider the set of all such certain amounts. In other words, one can define the certainty
equivalent as

C(Z):={ceR% c~2Z)

for complete as well as for incomplete preference relations. However, it is restrictive in
the sense that whenever the preferences are incomplete, the certainty equivalent may be an
empty set, and thus, it may fail to capture all the information that it captures in the complete
preference case. Therefore, we propose to consider also the set of certain amounts ¢ for
which the decision maker prefers ¢ to Z; and symmetrically, the set of certain amounts ¢
for which the decision maker prefers Z to c, that is, we consider the sets {c € R ¢ = 7}
and {c¢ € R?| ¢ = Z}. Clearly, the certainty equivalent is the intersection of these two sets,
but whenever it is empty, the two sets above would still provide the full information to the
decision maker.

Mimicking the definition for the certainty equivalent, the indifference buy (sell) price of
a claim C could be defined as the set of prices p such that the decision maker is indifferent
between buying (selling) the claim at price p and not buying (selling) it at all. Since such
price may not exist when the preference relation is incomplete, we instead consider the set
of all prices for which the decision maker has a preference of buying/selling the claim over
taking no action, namely, the set valued buy (sell) prices.

In order to analyze these set-valued concepts in detail and in order to be able to compute
these for practical reasons, we assume for the rest of the paper that the underlying probability
space is finite and the incomplete preference relation accepts a representation. Note that the
incompleteness of preferences of a decision maker may stem from different reasons. First,
certain outcomes might be incomparable for the decision maker. A simple example is the case
where the decision maker is a committee instead of an individual. Ok [28], and Dubra et al.
[11] suggested vector-valued utility representations in order to deal with such preferences.
Secondly, even though the decision maker has a complete preference over the set of all
outcomes, the incompleteness may occur because of the decision maker’s indecisiveness on
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the likelihood of the states of the world. This is known as Bewley’s model of Knightian
uncertainty [5].

In 2006, Nau [26] considered preferences which are allowed to be incomplete in both
senses and studied the representation of them. Indeed, allowing both types of incompleteness
leads to a representation of preferences by a set of probability measures paired with utility
functions. The representations of incomplete preferences are further studied for instance by
Ok, Ortoleva and Riella [29] and Galaabaatar and Karni [14]. In the former, single-prior
expected multi-utility representation and multi-prior expected single-utility representation;
whereas in the latter multi-prior expected multi-utility representation of incomplete prefer-
ences are axiomatized. In both papers the state space is assumed to be finite. In [14], the
outcome (prize) space is also assumed to be finite, whereas in [29] it is a compact metric
space.

In this paper, the state space is assumed to be finite and the outcome space is R¢ for
d > 1. We consider preferences on R?-valued random vectors where the utility functions
are multivariate for d > 1 and where the preference relations are represented by a set of
probability measures and a set of utility functions as in [14]. As stated in [26], this repre-
sentation “preserves the traditional separation of information about beliefs from information
about values”, which “arises naturally when imprecise probabilities and utilities are assessed
independently, as they often are in practice”. Note however that it is also possible to consider
a set of probability—utility pairs as in [26] without changing the main results of this paper.

As stated before, the certainty equivalent set can be empty and in order to capture the
full information one can consider the set of better/worse values instead of considering the
indifferent ones. Indeed, in the special case d = 1 and an incomplete preference relation
admitting a single-prior expected multi-utility representation, Armbruster and Delage [1]
defined a ‘strong certainty equivalent’. In a symmetrical way, it is also possible to consider
a ‘weak certainty equivalent’. A direct extension of this definition to the case d > 1 is not
straightforward, but the construction of the set of all better/worse values described above
allows us to define a set-valued strong certainty equivalent as well as a set-valued weak
certainty equivalent also in this case. This definition reduces indeed to the usual definition
whenever d = 1 and the preference relation is complete, as well as to the definition of [1]
when d = 1 and the incomplete preference relation admits a single-prior expected multi-
utility representation. Properties, interpretations and examples will be given for the case
d > laswellas ford = 1.

Inthe literature, there are different certainty equivalent concepts ford > 1 whenacomplete
preference relation admitting a single-prior single-utility representation with a multivariate
utility function is considered, see the survey [30]. In [30], it is stated that no vector-valued
or set-valued certainty equivalent concept has been introduced for multivariate utility func-
tions so far. However, a set-valued certainty equivalent definition is provided in [34] for a
multi-asset game setting. In particular, a set-valued utility function, which depends on the
exchange structure of the multi-asset model and a vector valued utility function, as well as a
set valued certainty equivalent for this particular setting are introduced in [34]. A paramet-
ric representation of the certainty equivalent of a particular game, where a component-wise
vector valued utility function is used to define the set valued utility, is computed analytically.
Here, we provide a set-valued definition of a certainty equivalent for a much more general
setting.

In addition to the certainty equivalent, we study utility indifference price bounds under an
incomplete preference that admits a multi-prior expected multi-utility representation where
utility functions are allowed to be multivariate. This is done by first considering the set-valued
buy and sell prices and then defining the utility indifference price bound as the boundaries of

@ Springer



400 Mathematics and Financial Economics (2021) 15:397-430

these sets. We show that these definitions of buy and sell price bounds have intuitive interpre-
tations and they recover the complete preference case when the utility function is univariate.
Moreover, we will prove that the set-valued buy and sell prices satisfy some monotonicity
and convexity properties in total analogy to the properties of the scalar indifference prices
for complete preferences.

Utility indifference buy and sell prices for a complete preference relation represented by
a multivariate utility function under proportional transacation costs have been studied by
Benedetti and Campi in [3]. Accordingly, the buy and sell prices, pl/? , psl. are defined in terms

of asingle currency j € {1, ..., d}. Ithas been shown in [3] that p?, pj are well defined, they
exists uniquely under the conical market model. We show that the set-valued prices contain
the scalar prices defined in [3]. In particular, p?ej and p‘;ej forall j € {1,...,d}, wheree;
is the unit vector with jth component being 1, are on the boundary of the set-valued buy and
sell prices, respectively. They correspond to the indifference prices, if one has initial capital
in one of the d currencies only. In contrast, the set-valued indifference price bounds defined
here also allow for an initial portfolio in the d currencies and allow also for incomplete
preference relations.

Recently, Hamel and Wang [16] have considered the utility maximization problem under
proportional transaction costs, where the market is modeled by solvency cones and the pref-
erences are represented by component-wise utility functions. The motivation behind this is
that independent from holdings in the other assets, the investor has a scalar utility function
for each of them. Clearly, this is a special type of vector-valued utility function. We consider
this set up as a special case and discuss the certainty equivalent and indifference price bounds
concepts introduced here under this set up.

For practical reasons, it is important that the set valued certainty equivalent and the buy
and sell price bounds introduced here can be computed as well. Indeed, we show that the
computations require solving convex vector optimization problems (CVOPs).

In the literature, there are several algorithms and methods to ‘solve’ some specific sub-
classes of CVOPs, see the survey paper by Ruzika and Wiecek [32]. For more general
problems, Ehrgott et al. [12] developed an approximation algorithm and more recently, L&hne
et al. [24] generalized Benson’s algorithm (see [4]) and proposed two algorithms to generate
approximations to the set of all efficient values in the objective space. One of the algorithms
is the extension of the one proposed in [12] while the second one is the ‘geometric dual’ of
it.

‘We show that as long as not empty, the set-valued (strong/weak) certainty equivalent can be
computed by solving CVOPs. Moreover, as in the complete preference case, the computations
of the buy and sell price bounds require solving the utility maximization problem, which
is naturally modeled as a CVOP in our setting. We use the algorithms provided in [24]
to approximately solve the utility maximization problem. We show that it is possible to
compute inner and outer ‘approximations’ to the set-valued buy and sell prices by solving
CVOPs where the solution of the utility maximization problem is taken as an input. As
in the complete preference case, solving the optimization problem(s) also yields the hedge
positions. In the example section, we illustrate the economic meaning of our definitions of
the set-valued certainty equivalent as well as the set-valued buy and sell prices.

The organization of the paper is as follows. In Sect. 2, we introduce the notation that is
used throughout this paper and review some basic results on classical utility indifference
pricing and on representations of incomplete preference relations. In Sect. 3, we introduce
the set-valued definition of the certainty equivalent as well as the strong and weak version
of it. Set-valued buy and sell prices as well as indifference price bounds are introduced in
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Sect. 4. In this section, we also prove the properties of set-valued buy and sell prices. The
computations of these set valued quantities are explained in Sect. 5. The last section provide
some special cases and numerical examples. In Sect. 6.1, we setd = 1 and consider univariate
utility functions, while in Sect. 6.2, we consider the conical market model for d > 1.

2 Preliminaries

In the following we introduce some basic notions regarding order relations and convex vector
optimization problems. Then, we review the basic definition of indifference pricing in the
classical expected utility theory. Finally, we recall the utility representations for incomplete
preference relations that will be used here.

2.1 Order relations

A convex cone K € RY is said to be solid, if it has a non-empty interior; pointed if it does
not contain any line; and non-trivial if {0} C K C R?. A non-trivial convex pointed cone K
defines a partial ordering <gx on R?: v <g wifand onlyif w —v € K; v <k w if and only
ifw—veintK;and v <g w if and only if w — v € K\{0}.

Let K C R? be a non-trivial convex pointed cone and X C R? a convex set. A function
f X — RYissaid to be K-convex if f(ax + (1 —a)y) <g af(x) + (1 —a)f(y) holds
forallx,y € X, o € [0, 1], and K-concave if — f is K-convex., see e.g. [25, Definition 6.1].

Let A be a subset of R7. A point y € A is called a K-minimal element of A if there exists
nox € A\{y} with x <g y.If K is solid, then a point y € A is called weakly K-minimal
element if there exists no x € A with x <g y. The set of all (weakly) K-minimal elements
of A is denoted by (w)Ming (A). The set of (weakly) K-maximal elements is defined by
(W)Maxg (A) := (w)Min_g (A).

A convex pointed cone K also defines two order relations on the power set of R? as follows
(see for instance [15,21]): For A, B C R?

A<k B:<= BCA+K, AX(xB:<= ACB-K. (1)
A set A C RY is said to be an upper set with respect to K if A = A + K, a lower set with
respect to K if A = A — K. If A is a closed upper set, then wMing A = bd A; similarly if
A is a closed lower set, then wMaxg A = bd A.
If A and B are closed upper sets with respect to K, then we have
A xXgk B <= Ming A <g¢ Ming B <— A D B;
similarly, if A and B are closed lower sets with respect to K, then it is true that

A =Xgk B & Maxg A g Maxg B <= A C B.

Whenever the ordering cone is R? = {reRir,>0,i=1,...,q}, wewrite <, 5, <
instead of SRi , %Rli , -’<Ri ; we say (weakly) minimal/maximal element instead of (weakly)
R? -minimal / R% -maximal element, and denote the set of all such elements by (w)Min (-) /
(w)Max (). Moreover, an upper (lower) set with respect to R‘i is simply said to be an upper
(lower) set.
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2.2 Convex vector optimization problems

A convex vector optimization problem is to
minimize f(x) withrespectto <k subjectto g(x) <py 0, P)

where K € RY, and M C R are non-trivial pointed convex ordering cones with nonempty
interior, the vector-valued objective function f(x) = (f1,..., fg) : R — RY is K -convex,
and the constraint function ¢ = (g1, ..., &n) : R? — R™ is M-convex (see for example
[24,25]). We denote the feasible region of (P) by X := {x € RY| g(x) <u 0.

The set P := cl (f(X) + K) is called the upper image; it is an upper set with respect to K
and it satisfies wMin g (P) = bd P. (P) is said to be bounded if the upper image is contained
in {y} + K for some y € R?, thatis, if P C {y} + K. A point x € X is a (weak) minimizer
for (P) if f(x) is a (weakly) K-minimal element of f(X).

We consider a solution concept for CVOPs that relates a solution to an inner and an outer
approximation of the upper image P. Throughout k£ € int K is fixed.

Definition 2.1 [24] For a bounded problem (P), a nonempty finite set ¥ C X is called a finite
(weak) e€-solution of (P) if it consists of only (weak) minimizers and satisfies

conv f(X)+ K —elk} D P. )

There are many different scalarization techniques for vector optimization problems. Two
well-known ones will be used throughout.
The weighted sum scalarization of (P) for w € R? is defined as the convex program

minimize wa(x) subject to g(x) < 0. (Py)

The following proposition is well-known for CVOPs, see e.g. [19]. Here Kt := {y €
RY| Vk € K : kTy > 0} is the positive dual cone of K.

Proposition 2.2 [19] An optimal solution of (Py) for w € KT\{0} is a weak minimizer
of (P). Moreover, if X C RY is a non-empty closed set, then for each weak minimizer X
of (P), there exists w € K T\{0} such that X is an optimal solution to (Py).

The Pascoletti—Serafini [31] scalarization of (P) for point v € R? and directiond € R? is
defined as the convex program

minimize p subjectto g(x) <p 0, f(x) — pd <k v, p € R. (Pw,dy)

Proposition 2.3 [13] Let (p, X) be an optimal solution of (P, q)) for v € R?,d € K\{0}.
Then X is a weak minimizer of (P).

A maximization problem with K-concave objective function f(-) is the negative of a
CVOP with objective function — f(-). Clearly, the lower image cl (f(X) — K) of a maxi-
mization problem is the negative of the upper image of the corresponding CVOP.

Remark 2.4 In [24], Lohne et al. proposed primal and dual approximation algorithms to
solve bounded CVOPs where ordering cones K and M are polyhedral. Both algorithms
return finite weak e-solutions to (P). A weak e-solution X to (P) provides an inner and an
outer approximation to the upper image P as

Pin := conv f()z') + K C P C conv f(z'\_f) + K — ek} =: Pout-
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Note that by Proposition 2.2, there exists w, € KT\{0} such that x € X is an optimal
solution to the weighted sum scalarization problem (P,,) for w = w,. The algorithms in
[24] returns also the set of these weight vectors W = {w, € K\{0}| x € X}. Note that
whenever a problem is not known to be bounded, the algorithms in [24] may be employed
and as long as they return a solution, it is guaranteed that the problem is bounded and the
solutions returned by the algorithm is correct.

If no ordering cone is given in (P), then it is taken as the positive orthant, thatis, K = Ri.

2.3 Classical utility indifference pricing

Utility indifference pricing under a complete preference, which is represented by the expec-
tation of a utility function # : R — R U {—o0} is well-defined and studied in the literature,
see the overview by Henderson and Hobson [17] and references therein. Let (2, 7, IP) be a
probability space and L°(F, R) be the set of all F-measurable real-valued random variables.
Recall that the utility indifference buy price p? € R is the price at which the investor is
indifferent between paying nothing and not having claim C7 € L°(F, R), and paying p” at
time ¢ = 0 to receive the claim at time = T'. In other words, p” is a solution of

sup Eu(Vr +Cr)= sup Eu(Vr),
VreA(xo—p?) VreA(xo)

where x is the initial endowment, and .A(-) is the set of all wealth which can be generated
from the corresponding initial wealth. Similarly, the utility indifference sell price p* € Ris
defined! as a solution of

sup Eu(Vr —Cr) = sup Eu(Vr).
VreA(xo+p*) VreA(xo)

Note that indifference buy and sell prices can be seen as the bounds on (buy and sell) prices for
which one has a strict preference of buying and selling, respectively. Then, one can describe
the utility indifference buy price as the boundary of the set P? of all prices at which buying the
claim is at least as preferable as taking no action. Similarly, the utility indifference sell price
is the boundary of the set P* of all prices at which selling the claim is at least as preferable

! There are alternative approaches to define the indifference buy and sell prices in the literature. Indeed, there
is a recent discussion stating that the indifference prices provided above satisfy the so called “complementary
symmetry property”, see for instance [10,22]; and there are experiments showing that this property is system-
atically violated [6]. Accordingly, it is possible to define, for instance, the utility indifference sell price as a
solution of

sup Eu(Vp +Cr)= sup Eu(Vy), 3)
VreA(xg) VreA(xg+p5)

which accounts for the situation that one owns C7 in order to sell it. Thus, the agent’s initial pre-trade position
is (xg, CT), thatis, x( at time zero, and C7 initial wealth at time 7. This would lead to an alternative description
for P¥. The definition in (4) corresponds to the situation, where the agent’s initial pre-trade position is (xq, 0),
that is, x( at time zero, and zero initial wealth at time T, see also [17]. This could also be interpreted as leading
to the indifference short-selling price, with (3) as the indifference sell price. However, when we discuss the
extensions of these concepts in Sect. 4, we keep the usual terminology and the sets as in (4), since they are
quite standard in Financial Mathematics, see for instance [3,8,9,17,18].
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as taking no action, respectively. More precisely, if we define

P’ :={peR| sup  Eu(Vr +Cr) > sup Eu(Vp)},

VreA(xo—p) VreA(xo) )
P’ :={peR| sup  Eu(Vy —Cr)> sup Eu(Vp)},
VreA(xo+p) VreA(xg)

then, as long as prices p? and p* exists we have P? = (—oo, p?], P = [p®, 00). Hence,
p? =bd PP and p* = bd P*. This point of view will be helpful when defining indifference
prices for incomplete preference relations.

2.4 Utility representations for incomplete preferences

Let (2, F, P) be a finite probability space, and LO(]-' R Rd) be the set of all F-measurable
random variables which take their values in R?. Denote the set of all continuous extended
real-valued functions on R¢ by C(R?), and the set of all probability measures on Q by M ().

Throughout this paper, we consider the preference relations on the set L°(F, R%). More-
over, we consider a utility representation given as follows.

Definition 2.5 A preference relation 7 on LO(F, R?) is said to admit a multi-prior expected
multi-utility representation if there exists a non-empty subset I/ of C(R?) and a non-empty
subset Q of M () such that, for random variables Y, Z in LO(F, R?), we have

Y S Z & VuelVQeQ: Equ(¥)>Eou(Z).

This type of representations” for incomplete preferences are studied for instance in [14,
26,29]. As a special case we also consider preference relations which admit a multi-prior
expected single-utility representation (U is a singleton) and a single-prior expected multi-
utility representation (Q is a singleton) as defined in [29].

Remark 2.6 As usual we use the following notation throughout:
Y~Z < Y~ Zand Z Y.

In [29], the necessary and sufficient conditions (assumptions both on the preference rela-
tion and on the set of the acts) for a preference relation to admit either a multi-prior expected
single-utility or a single-prior expected multi-utility representation, where the prize space can
be any compact metric space, are shown. Moreover, in [14], the characterization of multi-
prior expected multi-utility representation, where the price space is not allowed to be R?
but it is a finite set, is given. Throughout this paper, we consider the multi-prior expected
multi-utility representations of preference relations as given by Definition 2.5. Moreover, the
functions u € U are assumed to be multivariate utility functions defined as follows.?

2 Note that it is also possible to consider the slighly more general preference relation in [26], where there is
a set of probability measure and utility pairs, say, &/ Q and

Y2 Z & Yu,0)eUQ: Egul)=>Egu(2).

In this case, we would assume that there exists finitely many pairs in ¢/Q instead of what is stated in
Assumption 2.8a. However, keeping the representation as in Definition 2.5 will be useful in simplifying
some expressions throughout.

3 (7], Campi and Owen define a multivariate utility function in a similar way. Different from Definition 2.7,
they require C;, := cl (domu) to be a convex cone such that Ri CCy # R and u to be increasing with

respect to the partial order <, . Note that as C, 2 R‘j_, our definition is more general.
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Definition 2.7 A proper concave function u : RY — R U {00} is a multivariate utility
function if u is increasing with respect to the partial order < on R¢.

The preimage of the function u is denoted by u~1, that is, for S € R we have u=1(S) =
[x € RY) f(x) € S}.Ifd = 1 and u is invertible, then u~!(-) corresponds to the inverse
function as usual.

Assumption 2.8 Throughout, we assume the following.

a. The preference relation admits a multi-prior expected multi-utility representation where
U={u",...,u"}and Q = {Q'... Q%) forsome r, s > 1 with g := rs.

b. U € C(R?) and any u € U is a multivariate utility function.

c. Any u € U is strictly increasing in the sense that x < y implies u(x) < u(y).

3 Certainty equivalent for incomplete preferences

In the classical utility theory, where the preference relation is complete and represented by a
single univariate utility function, the certainty equivalent of a random variable Z is defined
as the deterministic amount which would yield the same utility as the expected utility of Z.
This amount is unique and can be computed if the utility function is bijective.

Under incomplete preferences, there is not necessarily a unique certainty equivalent of a
random variable. In the past literature, usually a candidate with nice properties is picked and
considered as the certainty equivalent. One of the choices is the worst-case (strong) certainty
equivalent when d = 1.1If Q is a singleton, i.e., the utility representation is given as a single-
prior expected multi-utility representation, where the utility functions are bijective, then the
strong certainty equivalent of Z is given by inf, ¢4 u Y EBu(2)), see [1]. Similarly, one could
consider the weak certainty equivalent, namely, sup, ;, u~ ' (Eu(Z)). Applying the same idea
to an incomplete preference that admits a multi-prior expected multi-utility representation
for d = 1, it is possible to consider the strong and the weak certainty equivalents given by
infpco ueu u! (Egu(Z)) and suppeg yeys u! (Eou(Z)), respectively. However, it is not
clear if (or how) these strong and weak certainty equivalent concepts generalize to the case
where d > 1 since the preimage u~! of a multivariate function u yields a subset of R instead
of a real number.

As already motivated in Sect. 1 for a more general setting, we will now present the most
intuitive definition of a certainty equivalent for the case d > 1, but we will see that this
definition does not always provide a meaningful concept. Thus, instead, we will use the
insights from Sect. 2.3, where we rewrote the scalar indifference prices as the upper and
lower bounds of the set of all buy and sell prices, and we will see that this concept leads to a
more suitable definition of a (weak and strong) certainty equivalent for the case d > 1.

We define the certainty equivalent of a random variable Z € LO(]-' JR4 ) as a subset of R4,
d > 1 as follows.

Definition 3.1 The certainty equivalent for Z € LO(F, RY) is the set
C(Z):={ceRic~2Z).
Let us consider the following sets

C®(Z):={ceRlcz 2z}, C°2Z):={ceRZxc}
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Clearly, we have C (Z) = C" (Z) N C! (Z). Note that it is highly possible that this inter-
section is empty as the preference relation is incomplete. In that case, considering C'P (Z)
and C'° (Z) would provide the full information for the decision maker.

When we consider preferences which admit a multi-prior expected multi-utility represen-
tation, under Assumption 2.8, these sets can be written as follows

C* (2) = [ {c e R u(c) = sup Equ(2)}:
0eQ

ueld
clo (2) = M‘Ou{c c Rd| u(c) < QiIéfQEQu(Z)}; 5)
C@2y= () u'®ou2)).
uel,QeQ

Remark 3.2 By continuity of the utility functions u € U, the sets C*P (Z) and C'° (Z) are
closed; by monotonicity of u € U, C"P (Z) is an upper set and Clo (Z) is alower set. Moreover,
as u € U are concave, C'P (Z) is a convex set, whereas C° (Z) is not convex in general.

Proposition 3.3 Under Assumption 2.8, int C (Z) = ¥ for any Z € L°(F, R?).

Proof Assume the contrary and let ¢ € int C (Z). Then, there exists § > 0 such that ¢ 4 e €
C(Z), where e denotes the vector of ones. By Assumption 2.8c. and by the definition of
CY" (Z), for all u € U and for all Q € O, we have

u(c+de) > u(c) = Equ(2).
Hence, for all u € U, it s true that u(c + de) > inf geg Egu(Z). This implies that ¢ 4 de ¢

Cl° (Z), which is a contradiction to ¢ + 8e € C (Z). ]

Note that in many cases C (Z) is an empty set, see e.g. Example 6.1, and thus not a suitable
concept in general. Thus, we will propose an alternative definition that is based on the insights
from Sect. 2.3 and define the strong and weak certainty equivalents as follows.

Definition 3.4 For Z € LO(F,RY), the strong certainty equivalent of Z is CS(Z) =
bd Cl° (Z) and the weak certainty equivalent of Z is C¥ (Z) := bd C*P (Z).

The following proposition shows the characterizations and interpretations of the strong
and weak certainty equivalents. The proof is quite standard and therefore omitted.

Proposition 3.5 Let ¢ € RY. Then,
1. ¢ € C¥ (Z) if and only if

i.c Zand
ii. c—eZ Zforalle cintRY;

2. ¢ € C°(Z) if and only if

i. Z 2z cand
ii. ZZc+eforallee intRi.

In the following two remarks we consider the two special cases d = 1 and U = {u}.
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Remark 3.6 1If the price space is R, we have C'P (Z) = [¢¥, o0) and C!°© = (—o00, ¢*] for
some ¢, ¢* € R, see Remark 3.2. By Proposition 3.3, we have ¢ < ¢". Moreover, since
the utility functions u € U are strictly increasing, the inverse function ! is well defined.
Indeed, by monotonicity of u, we have
C*(2)= inf u'Eou(z)) and CY(Z)= sup u'(Equ(Z2)).
ued,QeQ ueld,0eQ

Hence, we recover the strong and the weak certainty equivalents as mentioned in the beginning
of Sect. 3.

Whenrestricted to Q being a singleton, this definition yields the strong certainty equivalent
introduced in [1].

Moreover, C (Z) # @, ifand only ifc := c¥ = ¢’ = u_l(IEQu(Z)) forallu e U, Q € Q.
In this case, we have C(Z) = {c}. This observation also proves the recovery of the classical
certainty equivalent whenever a complete preference admitting a von Neumann-Morgenstern
utility (single-prior expected single-univariate-utility) representation is considered.

Remark 3.7 1If the preference relation admits a multi-prior expected single-utility represen-
tation, that is &/ = {u}, then for any Z € LO(F, R?) we have

C'(2) = u”([ sup Equ(Z), oo)) and C°(2) = u*(( — oo, inf IEQM(Z)]),
QeQ QeQ

where 1~ is the preimage. Moreover, by the monotonicity and continuity of u
CY(2) =u""(sup Equ(Z)), C*(2) =u""( inf Equ(Z)).
0eQ QeQ
Note that if the preference relation is complete and admits a single-prior expected single-
utility representation, that is, if Q@ = {Q} and &/ = {u}, then we have
C(Z2)=CY(Z) =C*(2) =u "(Equ(Z)).
This suggests that for a complete preference relation represented by a single multivariate

utility function u : RY — RU {—o0}, the certainty equivalent of Z is defined as the preimage
u ' (Eou(Z)) C R

4 Utility indifference pricing for incomplete preferences

In this section, we consider the indifference pricing problem where the preference relation
is not necessarily complete. In particular, we consider the case where Assumption 2.8 holds.
Following the footsteps of the classical definition, we first consider the ‘utility maximization
problem’ for such representations of the incomplete preferences.

Notation 4.1 We denote the vector-valued expected utility functional by U (+) : LO(F, R?) —
RY, where U(-) := (Eg,u'(-), ..., Eg,u" (), ..., Egu' (), ... Eg,u" (:)T.

Now, under Assumption 2.8,* the utility maximization problem can be seen as a vector
optimization problem P (x, Cr) given by

P(x,Cr): maximize U(Z + Cr) subjectto Z € A(x), (6)

4 If we consider a representation given by a set of probability measures paired with utility functions as in [26],
we would list all the pairs in order to obtain U (-) and all the results of this section would remain the same, see
also Footnote 2.
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where A(x) € LO(Fr, R?) is the set of all wealth that can be generated from initial endow-

ment x, and Cy € LO(}'T, Rd) is some payoff that is received at time 7. Note that the

ordering cone for this problem is the positive orthant. This is because an alternative with

component-wise larger expected utility would be preferred by the decision maker.
Throughout, we assume that A(-) satisfies the following.

Assumption4.2 Letx, y € R, A € [0, 1] be arbitrary.

a. A(x) is a convex set.

b. AAx) 4+ (1 — M)A(y) € A(Ax + (1 — A)y), where the set addition and multiplication
are the usual Minkowski operations.

c. If x <y, then A(x) C A(y).

d. If Vr € A(x),then Vr +r € A(x +r) forany r € R4,

e. Let (xF k=1 € Rbea decreasing sequence with respect to < with limy_, o xk=xeRd.
Then, A(x) = ;> A(xby.

Two different market models and thus examples for .4(x) will be given in Sects. 6.1 and
6.2. Note that by Assumption 2.8, u € U are concave, and by Assumption 4.2a., A(x) is a
convex set. Then, (6) is the negative of the following convex vector optimization problem

minimize — U(Z 4 C7) subjectto Z € A(x), (7)

and the lower image of (6) is equal to the negative of the upper image of the convex vector
optimization problem given by (7).

Asintroduced in Sect. 2.2, there is no single optimal objective value of (6) and we consider
the set of all (weakly) maximal elements of the lower image. The lower image of problem (6)
can be written as the following set-valued function

Ve.Cry==c | J (Uvr+cr)—RY). (8)
VTE.A(X)

Remark 4.3 LetCr, Cr € L(Fr,R9) and x, y € R¥. Then, the following implications hold.

. Assumption 2.8b. implies that if Cr < CT, then V(x, Cr) C V(x, CT)

. Assumption 2.8c. implies that if C7 < CT, then V(x, Cr) € V(x, CT)

. Assumption 4.2c. implies that if x < y, then V(x, C7) C V(y, Cr);

. Assumption 2.8c. and Assumption 4.2d. imply thatif x < y,then V(x, Cr) C V(y, Cr).
To see that, note that Assumption 4.2d. implies thatif x < y, then for all V7 € A(x) there
exists Vg € A(y) such that Vr < Vr.

a0 o

As in the usual utility indifference pricing theory, we first consider the problems V (xg —
pb, Cr), V(xo+ p*, —C7) and V (x¢, 0), where pb ,pt e R4 are candidates of indifference
buy and sell prices of the claim Cr, respectively. Different from the scalar case, the existence
of pb and p* that would satisfy V(xo—pb, Cr) = V(xo, 0),respectively V (xo+p*, —Cr) =
V (x0, 0), is not guaranteed. Thus, instead, we will base our definition of the set-valued buy
and sell prices on the reformulation of the scalar indifference price given by (4). In other
words, we consider the set of all prices at which one would prefer buying the claim compared
to taking no action. Similarly, we consider the set of all prices at which selling the claim is
preferred compared to taking no action. Then, the indifference prices will be defined as the
boundaries of those sets.

We suggest that buying the claim C7 at price p € R is at least as preferred as not buying
itif

Max V (xg, 0) < Max V(xo — p, C1) )

@ Springer



Mathematics and Financial Economics (2021) 15:397-430 409

holds. Indeed, as the lower images V (-, -) are closed lower sets, (9) holds if and only if
V(x0,0) X V(xo — p, Cr), or equivalently,

V(xo—p,Cr) 2 V(xo, 0) (10)
holds. Similarly, selling C7 at price p € R is preferred to taking no action if
V(xo+ p.—Cr) 2 V(x0,0). an
Remark 4.4 By Proposition 2.2, (10) implies that

sup w U(Vr+Cr)= sup w! U(Vr) (12)
VreA(xo—p) VreA(xo)
holds for all w € Ri. Moreover, the reverse implication holds if A is a closed set. In this
case, satisfying (12) for all w € Ri can be seen as the characterization of (10). A similar
characterization can be written for (11).

We define the set-valued buy and sell prices as follows.”

Definition 4.5 The set-valued buy price of C, P?(Cr), is the set of all prices p? € R?
satisfying (10), and the set-valued sell price of Cr, P*(Cr), is the set of all prices p* € R4
satisfying (11). That is,

PP(Cr) := {p® € RY| V(xo — p”, C1) 2 V(x0,0)},
PS(Cr) = {p* € RY| V(xo + p*, —C1) 2 V(x0, 0)}.

Remark 4.6 By the definition, it is true that PY(Cy) = —P5(—Cr). Hence, in Proposi-
tions 4.7 and 4.9, the statements are proven for the set-valued buy price P”(-) only.

Note that the set-valued buy/sell prices defined above are not indifference buy/sell prices.
Indeed, for any element p of PY(C7)/PS(Cr), it is berter for the decision maker to buy/sell
the claim at that price. Hence, one may even call these, set-valued better to buy/sell prices
in order to emphasize this observation. For simplicity, we keep the names as they are.

Below we will show that P?(-) and P*(-) satisfy some properties which are in parallel to
the properties of the scalar buy and sell prices under complete preferences.®

First, we show that P? (Ct), P°(Cr) C R? are lower, respectively upper, convex sets for
any Cr € LO(Fr, R?). Furthermore, we show the monotonicity of both price functions as
well as the concavity of P?(.) and the convexity of P*(-) in the sense of set-valued functions.
The proof can be found in the Appendix.

5 Following the remark given in Footnote 1, an alternative definition for the set-valued sell price of Cp
would be PS(Cy) = {p* € RY| V(xg + p*,0) 2 V(xg, Cr)}. With this definition, Remark 4.6 is not
correct anymore. Hence, one needs to check the rest of the results in Sect. 4 separately for P*(Cr). It is
straightforward to see that Propositions 4.7-1., 4.7-2. and 4.9 hold correct for this definition. Moreover, both
the statements and the proofs of Propositions 4.11 and 4.12 can be modified accordingly. However, the steps
followed to prove Propositions 4.7-3. and 4.8 can not be applied directly to the alternative definition. Note that
as Proposition 4.7-1. holds correct, the computations of P*(C7) can be done by applying similar techniques
as described in Sect. 5.

6 Note also the relationship to the definition of the certainty equivalent, in particular between C"P (C7) and
P¥(Cr). A certain amount ¢ € bd C'P (Cy) = C¥ (Cp) is preferred to C7 (¢ 7, Cr), but for any ¢ € int Ri,
¢ — ¢ is not anymore preferred to it (c — & % Cr). Similarly, for a price p € bd P¥(C7), the decision maker
would prefer selling the claim at that price rather than not taking any action, but for any ¢ € int R‘_‘:_, p—e
is not anymore a sell price for him/her (see Propositions 3.5-1. and 4.11-2.). Moreover both sets are convex
upper sets. The situation is somehow different when we consider clo (Cr). This set is not necessarily convex
(unlike P?(C 7))- Moreover, for any ¢ € clec 1), Cr is preferred to ¢ (not the other way around), and for
any € € int R‘j_, Cr is not anymore preferred to ¢ + €.
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Proposition 4.7 Let Assumptions 2.8 and 4.2a—c hold.

1. For a claim Cy € L(Fr,RY), PP(Cy) is a convex lower set and P*(Cr) is a convex
upper set.

2. P(-)and P*(-) are increasing with respect to the partial order <, in the sense of set orders
< and <, respectively: For C1., C% € L(Fr,R%), ifC} < C%, then Pb(ClT) =< Pb(C%)
and P*(CL) < P*(C3).

3. Pb()) is concave with respect to <: For C}, C% e L(Fr,RY and 1 € [0, 1]

APP(Ch) + (1 =) PP(CE) = PP (C}) (13)
holds, where C%- = )LC} + (1 - )L)C%. Similarly, P*(-) is convex with respect to <.

The properties proven in Proposition 4.7 simplify further whenever d = 1. First, note that
Pb(C r)and P*(Cr) are then intervals by Proposition 4.7. Moreover, if the preference relation
is complete and a von Neumann and Morgenstern utility representation is given by u# : R —
RU{—o00}, then one recovers the usual definition and the properties of the indifference prices.
Indeed, P?(Cr), P*(Cr) simplify to P?, P’ given by (4). Then, sup P?(C7) = bd P*(Cr)
is the classical utility indifference buy price and inf P*(C7) = bd P*(Cr) is the classical
utility indifference sell price. In this case, assertions 2. and 3. of Proposition 4.7 simply recover
the monotonicity and concavity (convexity) of the utility indifference buy (sell) price.

By the following propositions, proofs of which can be found in the Appendix, we show
that under some additional assumptions on the market model, namely Assumptions 4.2d. to
e., buy and sell prices are closed sets and the intersection of buy and sell prices has no interior.
Then, we define indifference price bounds as the boundaries of the set-valued buy and sell
prices, namely bd P?(C7) and bd P5(Cy).

Proposition 4.8 Let Assumptions 2.8 and 4.2a—d hold. Then, for any Ct € LO(}'T, Rd), the
followings hold

1. If p € P*(Cr) N P*(Cr), then V (xo — p, Cr) = V(x0,0) = V(xo + p, —=Cr);
2. int (PY(Cr) N PS(Cy)) = 0.

Proposition 4.9 Let Assumptions 2.8 and 4.2 hold. For a claim Ct € L(Fr, RY), the set-
valued buy and sell prices PY(Cy) and PS(Ct) are closed subsets of]Rd.

Now as set-valued buy and sell prices are closed convex lower, respectively upper sets
that do not have a solid intersection, we define indifference price bounds as the boundaries
of these set-valued prices.

Definition 4.10 The indifference price bounds for Ct are bd P5(Cr) and bd P*(Cr).

Note that the definition of the indifference price bounds are similar to the definitions of the
strong and weak certainty equivalents in a way that they are boundaries of lower and upper
closed sets, respectively. The following proposition, similar to Proposition 3.5 for strong and
weak certainty equivalents, shows the motivation behind the definition for the indifference
price bounds.

Proposition 4.11 Let Assumptions 4.2 and 2.8 hold. Let p € RY. Then,
1. p e bd PP(C7) if and only if the followings hold:
i. V(xo—p,Cr) 2 V(xo,0);
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ii. Forany ¢ € int Ri it is true that V(xo — p — &, CT) 2 V(xg, 0);
2. p € bd P*(Cr) if and only if the followings hold:

i. V(xo+ p,—Cr) 2 V(x0,0);
ii. Forany ¢ € int Ri it is true that V(xo + p — e, —Cr) ;é V (x0, 0).

Proof By Propositions 4.7 and 4.9 we know that PY(C7) is alower closed set and P*(C7) is
an upper closed set. Hence, wMax P?(C7) = bd P?(C7) and wMin P*(C7) = bd P*(Cy).
The the assertion follows from the definitions of weakly maximal and weakly minimal ele-
ments. m}

Note that for any p € bd P?(Cr) itholds V (xo — p, C1) 2 V(xp, 0), that is, buying the
claim at p is at least as preferred as not buying it. Moreover, by Remark 4.4, if A is closed
and the utility maximization problem is bounded, V(xg — p — €, Cr) 2 V(x0, 0) implies
that there exists w € ]Ri such that the maximum expected weighted utility is strictly less if
one buys the claim at p + ¢, that is,

sup wTU(VT—I—CT) < sup wTU(VT).
VreA(xo—p—e) VreA(xo)
Similarly, for any p € bd P*(Cr), selling the claim at p is at least as preferred as not selling
it. However, for any € € int RZ | there exists w € RZ’F such that the maximum expected
weighted utility is strictly less if one sells the claim at p — €, that is,

sup  w!U(Vr—Cr)< sup wl UWVp).
VreA(xo+p—e) VreA(xo)

With the next proposition, we show that under some further assumptions on # € U and
A(-), for any p € bd P(Cy), there exists a weight vector w € RZ’F such that paying p
to receive Cr and paying nothing and not having Cy have the same maximum expected
weighted utility w” U. The proof can be found in the Appendix.

Proposition 4.12 If each u € U is uniformly continuous and A(x) = x + A(0) for all
x € R, then V (xq, 0) SZ int V(xo — p, Cr) for any p € bd Pb(Cy). Similarly, V (xq, 0) ;t_
int V(xo + p, —Cr) for any p € bd P*(Cr).

Proposition 4.12 shows that the boundaries of V (xg, 0) and V (xg — p, Cr) intersect, hence
for p € bd PY(Cr) there exists w € Rfi such that

sup wTU(VT + Cr)= sup wTU(VT). (14)
VreAxo—p) Vr e A(xo)

Similarly, if p € bd P*(Cr), then there exists w € R‘i such that

sup wTU(VT —Cr)= sup wTU(VT).
VreA(xo+p) Vr e A(xo)

Note that the market models explained in Sects. 6.1 and 6.2 satisfy the assumption A(x) =
x + A(0) for all x € R?. Moreover, the utility functions that are considered in Example 6.7
are uniformly continuous.

Remark 4.13 In Definition 4.10, the boundaries of the sets P?(Cr) and P*(Cy) are called
the indifference price bounds for C7. Note that different from the scalar case, for example,
the buyer of claim Cr is not really indifferent between ‘paying nothing and not having Cr’
and ‘paying p” € bd P?(Cr) to receive Cy’. However, in the special case of a complete
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preference relation with d = 1, these sets reduce to the usual indifference prices. Moreover,
when restricted to the special case of a complete preference relation with d > 1 under
the conical market model, these sets contain the indifference prices as defined in [3], see
Sect. 6.2.1.

Furthermore, for the general case, by Proposition 4.12 and (14), we observe that if p €
bd P?(Cr), then a decision maker with a complete preference relation which admits a par-
ticular weighted sum of the vector valued utility, wTU, as its representation, would be
indifferent between the two options.

In economic terms, the sets P?(Cr) and P*(Cr) can be seen as the willingness to pay and
then the boundaries would be the reservation price or sell/buy price, which is called the
indifference price in Finance. Thus, we decided to still call bd PY(Cy) and bd P*(Cy) the
indifference price bounds in analogy to the scalar case, knowing that it does in general not
mean being indifferent as in the classical sense, but more in the sense of Proposition 4.12.

Remark 4.14 In [23], Lohne and Rudloff study the set of all superhedging portfolios for
numéraire free markets with transactions costs and provide an algorithm to compute it.
Accordingly, for a claim Cr, the set of superhedging portfolios is given by

SHP (Cr) := {p € RY| Cr € A(p))
and the set of all subhedging portfolios for C7 is
SubHP (Cr) := —SHP (—Cr).

Note that for d = 1, these sets would be intervals leading to the usual no-arbitrage pricing
interval given by (sup SubHP (Cr), inf SHP (C7)).

If A0) + A(0) € A(0), which is the case for the conical market model also considered
in [23], we have

P*(Cy) 2 SHP (C7) and P?(Cy) 2 SubHP (Cy). 15)

Indeed, for p € SHP (C7), we have C1 € A(p). By Assumption 4.2 d, and .A(0) 4+ .A(0) <
A0), Vr + Cr € A(xg + p) for any V7 € A(xp). This implies V (xg,0) € V(p, —Cr). To
see that, let U (V) — r € V(xg, 0) for some Vy € A(xg), r € Rﬂir. Note that U (Vy) —r =
UVr+Cr—Cr)—reV(p,—Cr)as Vr + Cr € A(xo + p). The second inclusion can
be shown symmetrically.

Itis well known that in incomplete financial markets, superhedging can be quite expensive
and thus the interval or set of no-arbitrage prices can be quite big. Indifference pricing
leads then to smaller price intervals. Equation (15) confirms that this is also the case when
incomplete preference relations are considered. In Examples 6.1, 6.6 and 6.7, the utility
indifference price bounds and for comparison also the super- and subhedging price bounds
will be computed to illustrate the relationship given in (15).

5 Computing the certainty equivalent and indifference price bounds

Before considering different market models and solving numerical examples in Sect. 6, we
now discuss the computations of the set-valued quantities introduced in Sects. 3 and 4. Note
that the computations are related to solving CVOPs and we will show some simplifications
for some special cases. First, we discuss computing the certainty equivalent and then approx-
imations to the indifference price bounds. Numerical examples will be given in Sect. 6, see
Examples 6.1, 6.6, and 6.7.
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5.1 Computing C"P (Z) and C'° (2)

The computations of C*P (Z) and C!° (Z) for d = 1 are already given by Remark 3.6. Here,
we focus on the d > 1 case only. As stated in Remark 3.2, C'P (Z) is a closed upper set.
Indeed, using the representation given in (5), it is easy to see that C'P (Z) is the upper image
of the following convex vector optimization problem with » constraints:

minimize ¢

subjectto  sup Egu(Z) —u(c) <0 forallu e U. (16)
0eQ

On the other hand, even though it is known by Remark 3.2 that clo (Z) is aclosed lower set,
computing C!° (Z) requires more computational effort than computing C'P (Z), in general.
One can show that C'° (Z) is the lower image of the following vector optimization problem

maximize ¢

subjectto  inf Eou(Z) —u(c) 20 forallu €U, an
€

This problem is non-convex if the utility functions are not linear. There are algorithms that
approximately solve non-convex vector optimization problems, see [27]. Instead of solving
one non-convex VOP, one can also solve r convex vector optimization problems in order to
generate C'° (Z). Note that by the continuity of u € I, we have

cl RN\CP (2)) = g{{c e R u(c) = [t Equ(Z)},

and each set {¢c € R?| u(c) > infgeg Egu(Z)} is the upper image of the following vector
optimization problem
minimize ¢

subjectto  inf Egu(Z) — u(c) < 0. (18)
QeQ

Then, one needs to solve r convex vector optimization problems (one for each u € i), and
the union of the upper images over all u € U yields cl (R?\C!° (2)).

Note that if the preference relation admits a multi-prior expected single utility represen-
tation, that is, if » = 1, then clearly it is enough to solve a single CVOP to compute C'° (Z).

Remark 5.1 1f the preference relation admits a single-prior expected-single utility repre-
sentation where U = {u}, @ = {Q} and d > 1, see also Remark 3.7, then, C"P (Z) =
cl (R?\C' (7)) and C(Z) is the boundary of the upper image of the following convex vector
optimization problem

minimize ¢

subject to Eu(Z) —u(c) <0.
5.2 Computations of the buy and sell price bounds
It is known by Proposition 4.7 that set-valued buy and sell prices are lower, respectively
upper closed convex sets. The main idea is that these sets can be seen as lower, respectively

upper images of a certain convex vector optimization problem. Then, the aim is to solve these
CVOPs’ in order to find inner and outer approximations to the set-valued buy and sell prices.
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The first step is to solve the utility maximization problem (6) for Ct = 0 and x = x¢ using
a CVOP algorithm to obtain an inner and an outer approximation to the lower image V (xo, 0)
of problem (6) as defined in (8). Note that for bounded problems, the primal as well as the
dual algorithm provided in [24] yields a finite weak e-solution X = {X LI ¢ l} C A(xg)
of P(xp, 0) defined in (6) in the sense of Definition 2.1. Hence, it is true that

conv U(X) —RL € V(xg,0) € convU(X) — R% + ek, (19)

where € > 0 is the approximation error bound and k € int R‘j_ is fixed.
Moreover, by the structure of these algorithms, X' € X is an optimal solution of the
weighted sum scalarization problem for some w' € R4 , that is,

WHTUuXH = max WHTUWVr) ="
VreA(xo)

The algorithms in [24] also provide these weight vectors w' & Ri for X! € X, see

also Remark 2.4. Let the finite set of weight vectors provided by the algorithm be W :=

{w', ..., w'}. In the following two sections, we provide methods to compute a superset and

a subset of P?(Cr) and P (Cy) using such a finite weak e-solution X as well as the finite

set of weight vectors W.

5.2.1 Computing a superset of Pb(Cr) and P*(Cy)

If A(-) isaclosed set, then by Remark 4.4, the set of all buy prices foraclaim Cr € L(Fr, R%)
can be written as

PP(Cr) ={p e R V(xo — p, Cr) 2 V(x0,0)}

={peRIvweRL: sup w UWVr+Cr)=>v"},
VreA(xo—p)

(20)

where V" = Supy, ¢ 4x) wlU(Vr).

Note that finding the values v" forall w € ]Rf]F may not be possible in general. However, by
the aforementioned approximation algorithms, we obtain a ‘representative’ set W of weight
vectors. Then, clearly,

PlCr)y={peRVweW: sup (W UWVr+Cr)=v")
VreA(xo—p)

is a superset of P?(Cr). Moreover, P2 (Cr) is the lower image of the following CVOP:

maximize p
subjectto (w')T U(VE + Cr) = o™’
VieAxo—p) fori=1,...,1 1)

In general it is not known if this CVOP is bounded or not. In some cases, it is possible to
formulate the problem as a bounded CVOP using an ordering cone different from Ri. In
Sect. 6.2, we consider a special case where the ordering cone is enlarged in order to solve
problem (21) using the algorithms provided in [24].

Using similar arguments one can show that the upper image of the following CVOP gives
a superset P35, (Cr) to P*(Cr):
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minimize p
subjectto (w')T UV — Cr) = o™’
VieAxo+p) for i=1,...,1 (22)

5.2.2 Computing a subset of PY(Cr) and P*(Cr)

By Remark 2.4, a finite weak e-solution X = {X!, .. . X'} of (6) provides an outer approx-
imation of V (xg, 0) given by Viou(xg, 0) := conv U (X) — RZ_ + €{k}, where k € int R‘j_ is
fixed. Then,

PX(Cr):={peRIVi=1,...,01: 3Vi € A(xo— p): U(VL+Cr) > UX') + €k}

is a subset of Pb(CT). To see that, let p € Piﬁ(CT), that is, forall i = 1, ...,/ there exist
Vi e A(xo — p) such that U(V}. + Cr) > U(X') + €k. Note that it is enough to show
V(xg — p, Cr) 2 convU(X) — IR(J’r + e{k} as this implies V(xo — p, Ct) 2 V(x0,0)
and hence p € P?(Cy). Let i € convU(X) be arbitrary. Then, there exist o; > 0 with
Zle o; = 1 such that it = Zé:l o;U(X"). Note that V¥ := Z§=1 o V% € A(xo — p) by
the convexity of A(xo — p). Also, as the utility functional is concave we have U (V¥ +Cr) >
Zle o U(V} +Cr) andhence, U(V} +Cr) > it +€k. Since for any i € conv U (X), there
exists V' € A(xo — p) such that U(V{ + Cr) > u + €k, V(xo — p, C1) 2 conv U(Xx) —
R? + €{k} holds.
Piﬁ (Cr) is the lower image of the following convex vector optimization problem:

maximize p
subjectto U(Vi + Cr) > U(X') + ek;
VieAxo—p) for i=1,...,1 (23)
Using similar arguments one can show that the upper image P; (Cr) of the following
CVOP is a subset of P*(C7):
minimize p
subjectto U(Vi — Cr) = U(X') + ek;
VieAxo+p) for i=1,...,1 (24)

Remark 5.2 Tt is possible that problems (23) and (24) are infeasible when the error bound €
in (19) is not small enough, see Example 6.1. Thus, even though Pifl(CT) and P (Cr) are
subsets of the set-valued buy and sell prices respectively, they could be empty sets. As it is
not possible to determine the approximation error at this time, we do not call these sets outer
or inner approximations, but rather sub- and supersets of PP (C7) and P*(C7). However, we
will see that in the numerical examples of Sects. 6.1 and 6.2, these sub- and supersets will
approximate the set-valued prices rather well.

Remark 5.3 Note that solving the optimization problems (21), (22), (23) and (24), one obtains
a set of hedge positions V%,i = 1, ..., . In practice, the decision maker could pick any of
these efficient hedge positions as the vector valued expected utilities they provide are all
maximal and they can not be compared with each other.
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5.2.3 Remarks on computations in some special cases

Remark 5.4 For d = 1, (21), (22), (23) and (24) are scalar convex programs. In this case,

Pobut/in(CT) = (—OO, pgut/in] and Pgut/in(CT) = [pf)ut/in’ OO)’ where pgul’ pgut’ pibn and plvn
are the optimal objective values of (21), (22), (23) and (24), respectively.

Remark 5.5 Ford > 1 and a complete preference relation which admits a single-prior single-
utility representation (with utility function u), the set of buy prices P?(C7) can be simplified
to

PP(Cry={peR'| sup Eu(Vr+Cr) =",
VreA(xo—p)

where 10 = SUPy, e A(x) Eu(Vr). Note that this is the lower image of the following convex

vector optimization problem:

maximize p
subjectto Eu(Vy + Cr) = v°
Vr € A(xo — p). (25)
Similarly, P*(Cr) is the upper image of the following vector minimization problem
minimize p
subjectto Eu(Vr — Cr) > W0
Vr € A(xo + p).

Thus, in the case of a complete preference relation and d > 1, it is not necessary to compute
sub- and supersets of Pb(CT) and P*(Cr) as the set-valued prices Pb(CT) and P*(Cr) are
upper respectively lower images of vector optimization problems itself.

6 Special cases and numerical examples

We consider two different market models in this section. The first one is an incomplete
market where d = 1 and the utility functions are univariate. In this setting, we consider an
incomplete preference relation represented by multiple utility functions. The second one is
the conical market model where d > 1 and the utility functions are multivariate. Under this
setting, we consider two different cases: a complete preference that is represented by a single
multivariate utility function as in [3], and an incomplete preference relation represented by
component-wise utility functions as in [16].

6.1 An example with univariate utility functions

Consider a probability space (2, Fr,P) where Q@ = {w;,j = 1,...,2"} and Fr = 252
Consider a single period model in a market consisting of one riskless and n risky assets. The
interest rate is assumed to be zero. Only m < n of the risky assets can be traded. Assume the
traded assets are indexed by 1, ..., m. The current value of the traded and non-traded risky
assets are Sé for i=1, . At time T, the value of the traded and the non-traded assets
are S = Sy&', where £, i =1, ..., n are Fr measurable random variables. Let S; be the
vector of values of traded assets at time ¢, that is, S; = [Sl, RV S{”]T fort =0,T.
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We consider a portfolio consisting of &« € R™ shares of the traded assets and an amount
B =x0— aT Sy invested in the riskless asset, where xg is the initial endowment. Then, the
wealth at the end of the period [0, T] is given by V7 = xo + aT (S7 — Sp). The set of wealth
that can be generated with the initial endowment x is

A(xo) = {Vr € L%(Fr,R)| 3 e R™ : V7 <xo+a’ (St — So)},

which satisfies Assumption 4.2a.—d.

In this setting, we consider a claim (that may depend on the traded as well as on the non-
traded assets), yielding a payoff Cr at time 7. We assume that there is a decision making
committee consisting of ¢ individuals and the incomplete preference relation has a single-
prior multi-utility representation. More precisely, assume that Q = {P}andif = {uy, ..., ug}
are such that Assumption 2.8 is satisfied.

By Remark 3.6, the weak and the strong certainty equivalents of Cr in this setting are
CV(Cr) ={c"}and C* (Cr) = {c*} with

V= inf {u; "(Bu;(Cr))} and ¢ = sup {u; '(Eu;(Cr))}.
i=1,..., q i=1,..., q

Note that the market in consideration is incomplete, hence there is no unique complete
market price. Instead, one could consider the no-arbitrage price bounds, which is nothing
but the sub- and superhedging prices. However, these price bounds can be quite large for
practical use, see also Remark 4.14. For the numerical example below, we compute both no-
arbitrage price bounds and utility indifference price bounds to illustrate that the indifference
price bounds provide a narrower interval.

In order to compute the indifference price bounds, we consider the utility maximization
problem P (xg, 0) in (6), which can be formulated as

max U(xg +a! (Sp — Sp)).
acRm

The set-valued buy and sell prices satisfy int P(Cr) = (—o0, pb) and int P°(Cr) =
(p*, 00), where p? and p* are the indifference price bounds. Note that as Assumption 4.2 (e)
may not be satisfied, one can not guarantee the closedness of the set-valued prices under
this setting. The outer and inner approximations to the set-valued prices, P(f’m,in(CT) =
(=00, pgut/in] and P(fut/in(CT) = [pf)ut/in’ 00), where pi}L = pb = pgut and pf)ut = ps = pfn’
can be computed as it is explained in Remark 5.4. Below we provide a numerical example.

Example 6.1 Letn =2, m = 1,x9 = 10, So = [4 617, P(w;) =0.25fori =1,...,4 and

o) =" w) ==, () =¢8" () =

’

E2(w) = EX(w3) = =, EXwn) = E%(ws) =

WA W
W N =

Assume that U = {uy, uz} where uy(x) = 1 — ¢, and up(x) = log(*$1%) and let C7 =
Zizz 1 SiT. First, as described above, we find the weak and the strong certainty equivalents of
the payoff as ¢V = 11.0889 and ¢* = 7.3678, which also shows that the certainty equivalent
as given in Definition 3.1 is empty. Then, we employ the dual algorithm proposed in [24] to
obtain an approximation (with an error bound € = 1078) to the lower image of the utility
maximization problem and the corresponding set of weight vectors W as well as v for each
w € W.The inner approximation of the lower image V (x¢, 0) can be seen in Fig. 1. When we
solve the utility maximization problem, it also gives a subset of hedge positions that would
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Fig. 1 The inner approximation of the lower image V (xq, 0) of problem P (x(, 0) in (6) from Example 6.1

yield maximal expected utilities. The expected utilities that can be generated by these hedge
positions are marked on the boundary of the lower image V (x¢, 0).

After solving the utility maximization problem, we solve the single objective convex
programs (21)—(24) to compute pﬁ] = 8.6747, pb, = 8.6750 and p5, = 11.3250,
p;, = 11.3253. Similar to the utility maximization problem, when we solve these single
optimization problems in order to find the price bounds, they also return a set of hedge
positions which would yield maximal utilities that can be generated if the price is set
accordingly. In Fig. 1, we also plot the lower image V (xo — pé’m, Cr) of the correspond-
ing utility maximization problem when the buy price is set to p(b)ut = 8.6750. As expected,
Vi(xg— pgu[, Cr) 2 V(x9, 0). The markers on the boundary of V (xg — p(b)m, Cr) shows the
expected utilities that can be generated by the hedge positions that are found by solving this
utility maximization problem.

For this example, the set of all superhedging and subhedging portfolios can be computed
easily as SHP (Cr) = [12, 0o) and SubHP (C7) = (—o00, 8], see Remark 4.14. In Fig. 1, we
plot the lower image V (xo — psub, C7) of the corresponding utility maximization problem
when the buy price is set to the subhedging price, psup = 8. As before the markers on the
boundary of V(xp — psup, C7) shows the expected utilities that can be generated by the
hedge positions that are found by solving this utility maximization problem. We observe that
V(xo — psub, C1) 2 V(x0 — pf,’ut, Cr) 2 V(x0,0) as expected. This illustrates that the
buyer is still willing to buy the claim even if the price is higher than the subhedging price as
the expected utility that he can generate is still greater than the expected utility that can be
generated without buying the claim.

We compute pé’ut jin and p3 . for different e values. For this example we observe that the
outer approximations are tight even for large € values. Indeed, it holds that pgut = 8.6750 and
piu = 11.3250 for all € values listed in Table 1. However, the inner approximations improve
significantly as € gets smaller. Below, we provide pﬁl, pi, as well as the differences pf;m — pﬁl
and pj, — pgy- Note that for large €, problems (23) and (24) turn out to be infeasible.
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Table 1 Inner and outer

approximations for p? and p* for € P 51 Pin Phu = pibn Pin — Pout
Example 6.1 10-4 o0 00 00 00
1073 8.3859 11.6141 0.2891 0.2891
1076 8.6496 11.3504 0.0254 0.0254
1077 8.6725 11.3275 0.0025 0.0025

1078 8.6747 113253 22134 x 1074 23590 x 1074

6.2 Conical market models and multivariate utility functions

In this Section, we consider conical market models, where we have d > 1. In Sect. 6.2.1 we
study an example of a complete preference relation given by a multivariate utility function
and in Sect. 6.2.2 we consider an example of an incomplete preference relation.

Throughout this Section, consider a financial market consisting of d currencies, which
can be traded over discrete time r = 0,1, ..., T. Let (2, F, (]-')IT:O, P) be a filtered finite
probability space. A portfolio vector at time ¢ is an F; measurable random vector V;, where
the ith coordinate denotes the amount of money in currency i at time ¢. Note that we do not
fix a reference currency as a numéraire, instead all currencies are symmetrically treated.

For a market with proportional transaction costs, one models the market with a stochastic
process K; of solvency cones. A solvency cone K; is a polyhedral convex cone with Ri C
K; # R4, and it denotes all positions in the 4 currencies that can be traded to the zero portfolio
by either exchanging or discarding currencies at time ¢. In other words, the generating vectors
of K; are given by the bid-ask prices between any two currencies at time 7. For this market,
an R?-valued process, (V,)tT=0 is called a self-financing portfolio process, if (V;) is adapted
and satisfies

Vi—V,_1 € —K;, P-as.,forallt €{0,1,2,...,T}

with V_; = 0.

We consider the linear space of all F;-measurable R?-valued random vectors LY (7;, RY).
The set of all such vectors with values that are P-a.s. in K; is denoted by L;(F;, Ky).
Furthermore, A7 C Lg(fT, R"™) denotes the set of all random vectors Vr, which are the
values of a self-financing portfolio at time 7. By definition of self financing processes, we
have

Ar = —LY(Fo, Ko) — LY(F1, K1) — ... — LY(Fr, K7). (26)

Note that A7 is the set of superhedgeable claims starting from initial endowment 0 € R? at
time zero. Clearly, A(xg) := xo + Ar is the set of all random vectors, which are the value of
a self-financing portfolio at time T, where the initial endowment is xo € R? at time # = 0.

Remark 6.2 Note that A(-) described above satisfies Assumption 4.2 as we will see in the
following. Moreover, it satisfies a stronger monotonicity property given by

b. If x <g, , then A(x) C A(y).
To see that, let x <g, v, then
A(x) = x — LY(Fo, Ko) — LY(F1, K1) — ... — LY(Fr, K7)
=y—(y—x) = Ly(Fo. Ko) = Ly(F1. K1) — ... = LY(Fr. K7)
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Cy—LY%Fo, Ko) — LY(F1, K1) — ... — LY(Fr, K1) = A(y),

where we used the fact that y — x € K.

Clearly, property b. implies Assumption 4.2 b. as ]Rf’F C Kyp. Also, using the convexity
of K, and Lg(}",, K;), fort = 0,..., T, and by definition of A(-), it is easy to see that
Assumption 4.2a., c. and d. hold. Finally, if A7 is closed, then Assumption 4.2e. also holds.
Note that A7 is closed under the standard no arbitrage assumptions, see for instance [20].

Remark 6.3 For conical market models, in addition to Proposition 4.7, Pb(C ), PS(CT)
satisfy also the following properties:

a. Pb(Cr) and P*(Cr) are convex lower, respectively upper, sets with respect to < Ko-

b. P?(-)and P5(-) are increasing with respect to the partial order <, in the sense of set orders
<k, and <k, respectively: For 1., C2 € L(Fr,RY), if CL < C2, then P?(CL) Xk,
PP(C%) and P*(C}) <k, P*(C3).

These can be shown using the fact that A(x) satisfies the additional property b. given in
Remark 6.2.

By Remark 6.3a., since Koy 2 ]Ri, the optimization problems (21), (22) are not (and
(23) and (24) may not be) bounded in the sense of vector optimization when the ordering
cones of these problems is set as Ri. Since the algorithms provided in [24] work only for
bounded convex vector optimization problems, and since property b. and the properties in
Remark 6.3 are satisfied, one can set the ordering cones of these problems to be K¢ in a model
with proportional transaction costs. In general, one still can not guarantee that these problems
are bounded with respect to these extended ordering cones. However, the algorithms in [24]
can determine if the problem is unbounded or bounded and solves it in case it is bounded. In
the numerical examples considered below, the problems will turn out to be indeed bounded
with respect to K.

We will now consider two special cases in this market model. First, a complete prefer-
ence relation represented by a single multivariate utility function is used. Then, we consider
an incomplete preference relation represented by a single-prior multi-utility representation
where the multivariate utility functions are defined component-wise.

6.2.1 Asingle multivariate utility function case

We consider a conical market model as described above and assume that the preference
relation is complete and represented by a single multivariate utility function u, as discussed
in Remark 5.5.

Indifference pricing with a multivariate utility function, where proportional transaction
costs are modeled by solvency cones, has also been studied by Benedetti and Campi in
[3]. They consider a continuous time setting where the probability space is not necessarily
finite. Accordingly, they have further assumptions on the multivariate utility function. The
utility indifference buy price p? € R of aclaim Cy € L(F7,R?) in terms of currency
j €{l,...,d} is defined in [3] as a solution to

sup Eu(Vr + Cr) =1°, (27)
Vr EA(XO—?/'P?)

0

where v” 1= supy, ¢ 4y, Eu(Vr) and e; € R? is the unit vector with only j*" component

being nonzero. It has been shown in [3] that for all j € {1, ...,d}, p? € R exists uniquely.
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We will now show that the utility indifference buy price p}/’. defined in [3] is contained
on the boundary of the set-valued buy price bd P?(Cr) defined here. Thus, pl,? can be seen
as a special case if one is only interested in the price expressed in currency j. However, the
set-valued prices also allow for situations in which the buyer (or seller) has capital in several
currencies, see also Remark 6.5 below. Then, it would be more expensive, if one would need
to exchange that portfolio into a particular currency to buy the claim at price pl/? because of
the transaction costs involved. Let us now show the relation between pl,? and P?(Cyp).

First note that p’; is the optimal objective value of the scalar convex program given by

maximize p
subject to Eu(Vr + Cr) > i
Vr € Alxo — pej), (28)
which is equivalent to solving
maximize p;
subjectto Eu(Vr + Cr) > 0
Vr € Alxo — p)
pi >0 for i #j (29)

in the following sense: If p!' € R, VTl € A(xg — plej) is optimal for (28), then p = plej €
R?, vV} e A(xo—p'e;) is optimal for (29). On the other hand, if p? € RY, Vi € A(xg—p?)is
optimal for (29), then p? eR, Vr € A(xo— p?e 7) is optimal for (28). Note that the epigraph
form of (29) is

maximize p
subjectto Eu(Vr + Cr) > W0
Vr € Alxo — p)
p = pej,
which is the Pascoletti—Serafini scalarization of the vector optimization problem (25) pro-
vided in Remark 5.5 with reference point v = 0 € R? and direction d = e j- Then, by

Proposition 2.3, a solution of the scalarization problem is a weak minimizer for the vector
optimization problem given by (25). Thus, p’; corresponds to the point on the boundary of

P’ (Cr) that provides the utility indifference buy price in currency ;.

The utility indifference sell price pj of Cr in terms of currency j is defined similarly
and can in total analogy be computed by solving a convex program which is equivalent to a
Pascoletti—Serafini scalarization of the corresponding vector problem.

With these observations, we conclude that the set-valued buy and sell prices for multivari-
ate utility functions as described in Remark 5.5 contain the real-valued utility indifference
buy and sell prices in terms of a fixed currency as defined by Benedetti and Campi in [3] in
the sense that p?ej € bd P’(Cr) and p';ej € bd P*(Cr).

Remark 6.4 There are many different scalarization approaches for vector optimization. The
particular scalarization described above yield buy and sell prices in terms of a single currency.
However, depending on the situation one could consider different scalarizations to compute
a vector-valued price bound on the boundary of P?() or P5(-). Indeed, for practice it might
be sufficient to obtain a single (or finitely many) vector-valued price bound(s) by solving
single objective optimization problem(s) instead of solving a vector optimization problem.
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Remark 6.5 Remark 6.4 can even be extended in many different ways. For example, assume
there is a potential buyer and a potential seller for a certain payoff C7 with multivariate utility
functions u?, u®, and initial endowment vectors x?, x* in the d currencies, respectively. In
order to decide if there would be a trade between them, one could check if the set-valued buy
price of the buyer and the set-valued sell price of the seller have a nonempty intersection.
For this, one needs to compute v* := SUPy, e A(xb) Eu®(Vr) and v* := SUPy, e ) Bu* (V)
first. Then, the buy and sell prices are

P'Cry={peR!| sup Eul(Vr+Cr)=1"},
VreAxb—p)

PS(Cr)={peR?| sup Eu*(Vp—Cr)=>v').
Vre A(xS+p)

In order to check if these sets have a nonempty intersection, one way is to minimize the
distance between them by solving the following single objective problem:

minimize H pP—p

subjectto  Eu’(VZ + Cr) = P,
Eu' (V3 — Cr) > v,
Ve Axb — ph),
Vi € A(X® + p°).

If the objective function value is zero, then the optimal solution yields a vector-valued buy/sell
price p? = p* as well as the trading strategies for the buyer and the seller.

Example 6.6 Consider a financial market with d = 2 currencies which can be traded over a
single time period. The probability space at terminal time 7 > 0 is given by (2, Fr, [P) with
Q = {w,wmn}, Fr = 2% and pi = P(w;) = % for i = 1, 2. The generating vectors of the
solvency cones Ko, K1(w1) and K{(wy) are given by the columns of the matrices

_ 1 -09 m_|1 2 =19 @ | 1 =1
KO_[—0.9 1 } ki —[—1 1 }and Kr=1-2 21|

respectively. Assume that the initial position is xo = 0 € R?. We consider a payoff C7 given
by Cr(w1) = [1 017, and Cr(wp) = [0 1]7 and a multivariate utility function given by
u(x) =1-—0.5("" +e772).
First, we compute the certainty equivalent of C7 under the preference relation represented
by the utility function u. This can be done as explained in Remark 5.1, but for this example
it is also possible to compute it analytically. Indeed, C (Cr) is nothing but the indifference
curve for u(x) computed at u(x) = Eu(Cr) = %(1 — e 1), Also, in this example C (C7) =
CY (Ct) = C® (Cr). Figure 2 shows C'? (Cr), Clo (Cy) and C (C7).

In order to compute the set-valued buy and sell prices, first we find v° as the optimal
objective value of the utility maximization problem P (xg,0) given in (6), which can be
formulated as

2
maximize Z piu (xo — (KQO{)T — (Kfl)ﬂ,')T>
i=1
subjectto «, B1, B2 € ]Ri.
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Fig.2 C(Cy)=CS(Cp) =
CY (C7) (black line), C¥P (Cy)
(blue), C'° (Cy) (green) for
Example 6.6. (Color figure
online)

Clo(CT)

-1 0 1 2 3

Clearly, the feasible region is closed and the problem is bounded as the utility function is
bounded. Then, as described in Remark 5.5, we compute the set-valued buy and sell prices
using the dual convex Benson algorithm from [24] with error bound € = 1073. In addition,
we compute the set of all superhedging and subhedging portfolios, see Remark 4.14. Note that
SubHP (Cr) and SHP (Cr) can be computed exactly by solving linear vector optimization
problems, see [23]. The scalar buy and sell prices as defined in [3] are also computed. Figure 3
shows the set-valued buy and sell prices, the superhedging and subhedging portfolios and
the scalar prices in terms of the corresponding currency. As it can be seen from the figure,
the scalar buy and sell prices as in [3] are points on the boundary of the buy and sell prices
where one component is fixed at zero as expected. Moreover, SubHP (C7) < Pb(C 7) and
SHP (C7) € P*(Cr) as it was proven in Remark 4.14.

In order to illustrate the use of the proposed set valued prices compared to the scalar
indifference prices as well as the sub/superhedging portfolios, we consider the following
scenario. Assume that a possible buyer in this set up has the position (0.2, 0.45)7 at time
zero. It can be seen from Fig. 3 that this is in P®(C7) but not in SubHP (Cr). Hence, this
decision maker would not buy the claim if she considers the subhedging portfolios. However,
she would buy it considering the utility that can be generated as buying the claim would yield
more expected utility than not buying it. Moreover, if the prices are given in terms of a single
currency as in [3], then, in order to buy the claim, she needs to trade her position to the first
or the second currency using the bid-ask prices provided at time zero (Ky). Notice that she
can generate at most 0.605 in the first currency or 0.63 in the second currency at time zero.
Since 0.605 < 0.6487 = pll’ and 0.63 < 0.6622 = pé’ the decision maker can not buy the
claim at these scalar prices. In other words, buying the claim at a vector valued price, she is
able to generate a higher utility than not buying it; however, if she has to trade at time zero
in order to buy the claim at a scalar price, she can not anymore exchange her position into
sufficient capital to buy it.

6.2.2 Component-wise utility functions case

Under the conical market model described above, we consider a component-wise utility repre-
sentation as in [16], where the utility function of each currency is considered separately. More
specifically, we consider a single-prior multi-utility representation with &/ = {i!, ..., %},
where i’ : R? — R U {—o0} is in the form of &’ (x) = u;(x;) for some univariate utility
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Fig. 3 Set-valued buy price Pb(CT) (dark green) and sell price P¥(Ct) (dark blue); set of all subhedging
portfolios SubHP (C7) (light green) and superhedging portfolios SHP (C7) (light blue); scalar buy and sell
prices pll’ = 0.6487, plz’ = 0.6622, pi“ = 0.6846, p% = 0.6966 (black marks) for Example 6.6. (Color figure
online)

function u; : R — R U {—oo}. Clearly, ' is increasing with respect to < as i; is increasing
on its domain and ' is proper concave as u; also is. Thus, ' is a multivariate utility function.
Under this setting, the sets C'P (Z) and Clo(Z) for some Z € LO(F, RY) simplify to

C™(Z)={ceRYVie(l,....,d} :ui(c;) > Eu;(Z;j)} = ¢ + R%,
C°(2)={ceR!Vie(l,....d} 1 ui(c;) < Eu;(Z)) = ¢ — R,

where ¢ ;= (ul_l(Eul(Zl)), o, ugl(IEud(Zd))). Hence, the certainty equivalent of Z is a
singleton, namely, C (Z) = {c}. Moreover, the strong and the weak certainty equivalents are
the boundaries of C'° (Z) and C"P (Z), respectively.

Even though the certainty equivalent has a much simpler form, the buy and sell prices do
not necessarily simplify and one needs to compute the outer and inner sets as described in
Sects. 5.2.1 and 5.2.2.

Below we provide an illustrative numerical example.

Example 6.7 Consider the same market model and payoff C7 as in Example 6.6. The scalar
utility functions are given by u; (x;) = 1 —e™", x; > Ofori = 1, 2. The certainty equivalent
of C7 under this utility representation is computed as (0.3799, 0.3799)” e RZ. Figure 4
shows C (Cr), C® (Cy), C¥ (Cr), C* (Cr) and C (C7).

Denoting u = [u; us]7, the utility maximization problem P (xg, 0) in (6) can be written
as

2
maximize Zpiu (xo — (Ko)T — (Kl(l)ﬁi)T)
i=1

. 2
subjectto a, B1, B2 € R7.
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Fig.4 C (Cr) (black mark), T T -
C% (C7) (blue), C° (C7) 05¢ l
(green), CS (C7) (dark green
line), and C¥ (C7) (dark blue Cw(Cr)
line) for Example 6.7. (Color
figure online)
04+ .
e o(Cr)
CY(Cr)
03 b
Clo(CT)
C(Cr)
013 Cl 0j4 015

Clearly, the feasible region is closed and the problem is bounded as the utility functions
are bounded. Hence, the indifference price bounds can be computed as explained in Sect. 5.2.
The error bound is taken as € = 10~%. In Fig. 5 one can see P2(Cr) and P5(Cr) as well as
SHP (C7) and SubHP (C7), which are the same as in Example 6.6. Note that we compute the
supersets and subsets of P?(Cy) and P*(Cr). Itis not possible to distinguish the boundaries
of the inner and outer sets in the figure as they are very close to each other.

Acknowledgements We are grateful to Andreas Hamel for initiating many applications of set-valued analysis
and in particular introducing set-valued extensions of concepts from economics and financial mathematics,
which shaped and motivated the subject of this manuscript. In particular, he initiated the discussion of a
set-valued certainty equivalent which resulted in [34]. We would also like to thank Ozgiir Evren, Zachary
Feinstein, Efe Ok and Frank Riedel for fruitful discussions and their constructive feedback. Furthermore, we
would like to thank two anonymous referees for detailed and helpful comments and pointing us to further
related literature.

A Appendix: Proof of the results from Sect. 4

Proof of Proposition 4.7 1. We first show that P2(Cr) is a lower set, that is, P?(Cr) =
PP(Cr) — R4 Itis clear that P?(Cr) € P?(Cr) — RY. To show the reverse inclusion,
let p” € P?(Cr) and r € R%. By Assumption 4.2c., A(xo — p? +r) 2 A(xo — p?).
Then, by definition of V (-, -) and since p” € P’(Cr), we have V(xog — p?” +r, Cr) D
V(xo — pb, Cr) D V(xp,0). Thus, p? —r € P2(Cy).

Next we show that P?(Cr) € R? is a convex set. Let p', p? € P?(Cr), A € [0, 1] and
p* = Ap' + (1 — 1) p?. First, note that V (xg — p’, C1) 2 V (xo, 0) for i = 1, 2 implies

AV (o = p!. Cr) + (1= 1)V (xo = p?, Cr) 2 V (30, 0).
In order to show p* € P?(Cy), it would be enough to prove

V(xo — p*, Cr) 2 AV (xo — p', Cr) + (1 = M)V (xo — p*, Cr). (30)
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Consider U(V}) —r' € V(xog — p', Cr), where Vi € A(xo — p') and r' € RY for
i =1, 2. By concavity of u € U, we have

AU(VE+Cr)+ (1 = MUWVE+Cr) UMV + (1= 2)VE+Cr).
Clearly, for some 7 € R%, where r* = Ar! + (1 — )2, it holds
AU(VE+Cr)+ (1= NUVE+Cr) —r* =UGVE + (1 = V)VE+Cr) — 1t —F.
As AV} + (1 — A V2 € A(xo — p*) by Assumption 4.2b., we have
UGVE+ (A =2VE+Cr)—r* —F e Vix— p, Cr),

which implies (30).
2. We show that P?(-) is monotone with respect to < and <. Let cl, C% e L(F, RY) with
C} < C% and pb € Pb(C]T). Then, by Remark 4.3a., and by the definition of Pb(~),
V(xo— p”, C3) 2 V(xo — p*, C1) 2 V(x0,0).

This concludes that P?(C}) € P?(C%), which implies P?(C}) % PP(C2).
3. We show A P?(Cp) + (1 =) PP(C7) € PP(C}), which implies (13). Let p* € P*(C}),
that is, V (xg,0) € V(xo — p', Ci 7) fori =1, 2. Clearly,
V(x0,0) S AV(xo — p'. Cp) + (1 = )V (xo — p*. C7).
Then, it would be enough to show that
AV(xo— p'.Cp)+ (1 =)V (xo — p*, C}) C V(xg — p*, C}). €3]
where p* := Ap! + (1 — M) p?. Let Vi € A(xo — p') and r' € RY fori = 1,2. By the
concavity of U(-), we have
MUV +CH =Y+ =W (VE+CE) -
=AU(VE4+ChH+ (1 —=NUWVE+CE) -1
—U(AVT—i—(l —A)VT+C I

for some 7 € RZ_, where r* := Arl 4 (1 —1)r2. Note thatAVT +(1 —A)V% € A(xo—p)
by Assumption 4.2 b. Then, (31) is implied by

MUV +CH =Y+ 0 =W VE+C3) —r?) e Vg — p, CI).

[m}

Proof of Proposition 4.8 1. Let p € P2(Cr) N P5(Cy), that is, V (xg — p,Cr) 2 V(xg, 0)
and V(xo + p, —Cr) 2 V(x0.0). Let v* € Uype iy plU(Vr + Cr) — RY] and

v € UppeduiplU(Vr = Cr) = RLL Then, v* = U(VP + Cr) — r” and v* =

U(V; — Cr) — r® for some V%’ € A(xo — p), Vj € A(xo + p) and P e ]Ri. By the
concavity of U, we have

1, 1 L, 11,

Ev +§USSU(EVT+EV;~)_E(V +rs).

Note that for any V}’ € A(xo— p) and V3 € A(xo+ p), we have V}’ +p, Vi —p e Alxo)
and %VTb + %VTY € A(xp) by Assumption 4.2d. Then, U(%Vﬁ + %VTY - %(rb +r%) €
V (x0, 0) and hence, %vb + %vs € V(xo, 0).
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D2

0.1 0.2 0.3 0.4 0.5
D1

Fig. 5 Set-valued buy price Pb(CT) (dark green) and sell price P¥(Ct) (dark blue); set of all subhedging
portfolios SubHP (C7) (light green) and superhedging portfolios SHP (C7) (light blue) for Example 6.7.
(Color figure online)

Now, for any vVl e Vixyg — p,Cr), VS € V(xo + p, —Cr), there exists sequences
(Ug) € UV}’EA(xo—p) [U(Vr +CT)_RZ.]» (vy,) € UV}’EA(xo—i-p)[U(VT _CT)_R?;_] with
lim,— 0o vs = V?and lim,_ o vy = V*.Sinceforeachn, m > 1, %vz+%vfn € V(xo, 0)
and since V (xg, 0) is closed, we have %Vb + %VS € V(xop, 0), which proves that

1 1
Vo= p. Cr)+ 5Vxo+ p, —Cr) € Vixo, 0). (32

As V(xo — p,Cr), V(xo + p, —C71), V(x0, 0) are lower closed sets and both V (x¢g —
p,Cr), V(xo + p, —Cr) are supersets of V(xg, 0), (32) holds only if we have V (xo —
p, Cr) = V(x0,0) = V(xo + p, —Cr).

2. Let p € P?(Cy) N PS(Cy). Then, by Proposition 4.8-1., V(xo — p, C1) = V(x0,0).
Moreover, by Assumption 4.2d., and by Remark 4.3d., V(xo — p +€,Cr) 2 V(x0,0)
for any € € int]R‘_{. Thus, p — e ¢ PY(Cr) N P5(Cr) for any € € intRi. Then,
int (P*(C7) N P*(C7)) = 0.

[m}

Proof of Proposition 4.9 We will show that P”(Cr) is closed. By Proposition 4.7, it is enough
to show that bd P?(Cy) € P?(Cr). Moreover, as P?(Cr) is a lower set for any p €
bd P?(Cr), there exists a sequence (p")y>1 € P%(Cy) such that p""'1 > p"foralln > 1
and lim,,_, o p"* = p. The proof will be complete if

V(xo—p,Cr) 2 (| Vixo—p", Cr) (33)

n>1

holds. Indeed, together with the fact that V (xo — p", Cr) 2 V(xp,0) for all n > 1, (33)
implies that V(xo — p, Cr) 2 ﬂnzl V(xo — p",Cr) 2 V(x0,0); hence p € Pb(CT).
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In order to show (33), first note that A(xg — p) = ﬂnzl A(xg — p") by Assumption 4.2
e. Then, we have

Vio—p.Cry=c | J (U(r+Cr)—RY)
VreA(xo—p)

=cl{U(Vr +Cr) —r|¥n>1:Vr € Axo — p"),r € R1}
=d() U (@©wr+cr-RY).
n=1VreA(xo—p")
Lety € ﬂnzl V(xo— p", Cr). Since y is an element of the lower image V (xo — p", Cr), it
is true that {y} —int RS € Uy, cag—pn) (U(Vr + Cr) —RY) foralln > 1. Let ()21 €

{y} —int Ri be a sequence with limg_, oo y* = y. Clearly, for each k > 1,
vk e Most UvTeA(xo—p") (U(VT +Cr) — Ri) hence

ved () U (@Wor+cr)-RY).

n>1VreA(xo—p")

[m}

Proof of Proposition 4.12 Assume for a proof by contradiction that V (xg, 0) € int V(xo —
p, Ct). Hence, there exists € > 0 such that V(xog — p, Cr) 2 V(x0,0) + B(0,¢). It is
enough to show that there is p > p such that

Vi(xo—p,Cr)+ B(0,€) 2 V(xo — p,Cr) (34)

as this implies that V (xg — p, Cr) 2 V(xp, 0), hence p € P2(Cy), which contradicts that
p € bd Pb(Cr). To prove (34) note that as each u € U is uniformly continuous, there

exists § > O such that |x — y|| < § implies that |u(x) —u(y)| < %. Let§ € (0, 8) and

p=p+3s ﬁ where ¢ € R? is the vector of ones. Note that

Vo —p.Cr)+BO, )= | J UWVr+Cr)+B0,e) -
VreA(xo—p)
= U vvr+or- (Sﬂ)—i—B(O €) —RY,
VreA(xo—p)

as A(xg — p) = A(xo — p) — Sﬁ. Let U(Vy + Cr) —r € V(xg — p, Cr) for some

Vr € A(xo — p)andr € Rz_. Clearly, for each u € U and Q € Q, we have

‘EQ[M(VT"FCT)]_E [ (VT+CT ||e||>]‘ <=

Va
Then
HU(VT +On - U+ Cr =3 ||)H
s 2 %
= (ZZ Eg, W' (Vr + Cr) —u' (V7 + Cr —aﬂ» ) <e
j=1i=1
Hence, U(Vyr +C7) —r e U(Vy + Cr — ||e”) + B(0,¢) — ]Ri and (34) holds. O
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